Background: Determining the etiology of biliary strictures is challenging, and the sensitivities of the current tests to diagnose them are low. Protein biomarkers in bile, in combination with other tests, may improve sensitivity in diagnosing biliary strictures. Objective: To analyse the differential abundance of proteins in benign and malignant biliary strictures through proteomic analysis of bile. Methods: In this prospective, cross-sectional study, bile was aspirated in 24 patients undergoing endoscopic retrograde cholangiopancreatography (ERCP) including six patients with primary sclerosing cholangitis (PSC), three with cholangiocarcinoma (CCA), ten with pancreatic cancer, and five with benign biliary conditions. Liquid chromatography/mass spectrometry was used to examine the bile for differential abundance of protein biomarkers. The relative abundance of various proteins was compared in the malignant vs. benign groups and in CCA vs. PSC. Results: The majority of the proteins identified in bile were similar to those of the plasma (plasma proteins) and certain proteins were differentially expressed among the different groups (CCA, pancreatic cancer, PSC or benign). A total of 18 proteins were identified as being more abundant in the malignant group (CCA and pancreatic cancer) than in the benign strictures group, including myeloperoxidase, complement C3, inter-alpha-trypsin inhibitor heavy chain H4, apolipoprotein B-100, and kininogen-1 isoform 2. A total of 30 proteins were identified to be less abundant in the malignant group than in the benign group, including trefoil factor 2, superoxide dismutase [Cu-Zn], kallikrein-1, carboxypeptidase B and trefoil factor 1. Conclusions: Protein biomarkers in bile may differentiate malignant from benign biliary strictures. Larger studies are warranted to validate these observations.
Introduction
Biliary strictures can be due to benign or malignant causes. Cholangiocarcinoma (CCA) and pancreatic cancer account for the majority of malignant biliary strictures, and are often associated with grave prognosis at the time of diagnosis [1, 2] . Detecting malignancies at an earlier stage is of paramount importance for effective management. Diagnosing malignant strictures at an early stage remains very challenging, especially when there is no image evidence of a mass lesion (indeterminate biliary stricture).
Endoscopic retrograde cholangiopancreatography (ERCP) with brush cytology and endoscopic ultrasound (EUS) with fineneedle aspiration (FNA) are the usual modalities for diagnosing biliary strictures. EUS-FNA is highly sensitive and superior to ERCP cytology in diagnosing malignant biliary strictures associated with pancreatic mass lesions, yet its sensitivity is similar to brush cytology for diagnosing indeterminate strictures in the setting of CCA [3] . Also, the sensitivities of diagnosing malignant lesions through ERCP brushings in the published studies is low [4] [5] [6] . Although the addition of Fluorescence in situ hybridization (FISH) to cytology improves the sensitivity rates of ERCP brushings [7] [8] [9] , the combined sensitivity is still low in detecting malignant strictures. Lower diagnostic sensitivities of the current techniques to detect malignant strictures warrant additional methodologies to improve the diagnosis.
Use of proteomics to detect biomarkers in bile may hold promise in aiding differentiation of malignant from benign biliary strictures [10] . Previous studies have attempted to study bile proteomics to identify peptides that will differentiate malignant from benign biliary strictures [11] [12] [13] [14] [15] . Most of the studies are limited because of lack of co-existing clinical information and a small sample size. The main aim of our study was to analyse the differential abundance of proteins in benign vs. malignant biliary strictures.
Methods

Patients
The Cleveland Clinic biliary fluid database is a prospectively maintained database of bile obtained by direct aspiration from the common bile duct in patients referred to our center for ERCP. We established this database in 2012 and included all patients in our center who had bile aspirated prior to contrast injection at the time of ERCP. The study was approved by the Cleveland Clinic Institutional Review Board and registered with the National Institute of Health (NIH) clinical trials registry. (NCT01565460) The patients included in our study were recruited between September 2012 and November 2012 and had a minimum of 1 year of clinical follow-up. Informed consent was obtained from each patient included in the study. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki (6th revision, 2008) as reflected in a priori approval by the institution's human research committee.
Inclusion and exclusion criteria
The inclusion criteria were ability to give informed consent and age >18 years. Patients who had acute cholangitis were not included in our biliary fluid database. The diagnosis of pancreatic cancer and CCA was based on tissue diagnosis, either at surgery or on fine needle aspiration on subsequent endoscopic ultrasound on follow-up. Tissue diagnosis was established, based on histology in all patients with cancer in our cohort.
Biliary fluid sampling procedure
At the time of ERCP, once we had cannulated the common bile duct, approximately 1 to 5 mL of bile was aspirated through the sphincterotome. We transported these bile samples to the laboratory on ice; they were then frozen at -80 C until use.
Measurement of protein/peptides in bile
Bile samples were fractionated on a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel. Each sample was divided into three bands and analysed by liquid chromatograph mass spectrometer (LC-MS) or MS. To determine the protein content, dilutions were made to several samples in an attempt to try and equalize the overall amount of protein present in the SDS-PAGE gel. Several gels were run and the bands were cut from each gel. The protein bands were digested according to an in-gel digestion procedure. Briefly, the bands were cut from the gel and washed in 50% ethanol/ 5% acetic acid, alkylated with iodoacetamide and reduced with Dithiothreitol (DTT). All bands were completely digested 'in-gel' using trypsin, by adding 5 mL trypsin (10 ng/mL) in 50 mmol/L ammonium bicarbonate and incubating overnight at room temperature. The peptides that were formed were extracted from the polyacrylamide in two aliquots of 30 mL 50% acetonitrile with 5% formic acid. These extracts were combined and evaporated to <10 mL in Speedvac (Thermo Fischer Scientific, San Jose, CA, USA) and then suspended in 1% acetic acid to make up a final volume of 30 mL for LC-MS analysis. The LC-MS system was a Finnigan LTQ-Obitrap Elite hybrid mass spectrometer system. The HPLC column was a Dionex 15 cm Â 75 mm. Acclaim Pepmap C18, 2 mm, 100 Å reversed phase capillary chromatography column. The extract was injected in 5 mL volumes and the peptides, eluted from the column by an acetonitrile/0.1% formic acid gradient at a flow rate of 0.25 mL/ min, were introduced into the source of the mass spectrometer on-line. The microelectrospray ion source was operated at 2.5 kV. The digest was analysed using the data-dependent multitask capability of the instrument, acquiring full scan mass spectra, to determine peptide molecular weights and product ion spectra to determine amino acid sequence in successive instrument scans.
Database searching
Tandem mass spectra were extracted by Proteome Discoverer software, version 1.4.1.288. Charge state de-convolution and deisotoping were not performed. All LC-MS/MS samples were analysed using Mascot (Matrix Science, London, UK; version 2.3.02), Sequest (Thermo Fisher Scientific, San Jose, CA, USA; version 1.4.0.288) and X! Tandem (The GPM, thegpm.org; version CYCLONE (2010.12.01.1)). Mascot, Sequest, and X! Tandem were set up to search the Human Reference Sequence database (33292 entries) assuming the digestion enzyme trypsin, fragment ion mass tolerance of 1.2 Da and a parent ion tolerance of 20 PPM. Carbamidomethyl of cysteine was specified as a fixed modification and oxidation of methionine was specified as a variable modifications.
Criteria for protein identification
Scaffold software (version Scaffold_4.3.2; Proteome Software Inc., Portland, Oregon, USA) was used to validate LC-MS/MSbased peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95.0% probability by the Peptide Prophet algorithm [16] . Protein identifications were accepted if they could be established at greater than 99.0% probability to achieve a false discovery rate (FDR) of less than 1.0% and contained at least two identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm [17] . Proteins that contained similar peptides and could not be differentiated based on LC-MS/MS analysis alone were grouped to satisfy the principles of parsimony.
Comparison of malignant and benign biliary strictures
The relative abundance of the proteins was compared by using the label-free quantitative method, spectral counting [18] . This method utilizes a data-dependent analysis, which involves an initial mass scan followed by 20 LC-MS/MS scans on the most abundant peptides. The selection of peptide ions for LC-MS/MS analysis was based on the abundance of the peptides and, therefore, the more abundant the protein in the sample the more often peptides from this protein were selected for LC-MS/ MS analysis. The relative quantity of these proteins was determined by comparing the number of spectra (termed 'spectral counts'), used to identify each protein.
The numerical values used in the quantification correspond to the normalized spectral abundance factor (NSAF; SC/RSC*protein length) [19] . The error observed for the SC measurements is greater for lessabundant proteins than for more-abundant proteins. Because of this, different filtering criteria were used to determine whether proteins are differentially present, based on the overall abundance, as an NSAF ratio.
The schematic representation of the proteomics approach to identifying proteins in each bile sample is shown in Figure 1 . The error rating of the label-free method used in this analysis is greater for less-abundant proteins and we therefore utilized different filtering criteria for proteins of varying abundance levels (Table 1 ) [20] . The relative abundances of the proteins in these samples was determined by spectral counts and different cut-off values and P-values. Based on the criteria, the relative abundances of 304, 425, and 459 proteins were compared in the CCA vs. PSC, and malignant (pancreatic cancer and CCA) vs. benign (PSC and benign samples) respectively as set out below.
Results
A total of 24 bile samples were analysed, including six patients with PSC, three with CCA, ten with pancreatic cancer, and five with benign biliary conditions. The patients were recruited from September 2012 to November 2012. Among the five patients with benign biliary conditions, three had sphincter stenosis, one had chronic pancreatitis, and one had benign stricture secondary to biliary stones. All the six patients with PSC had both intrahepatic and extrahepatic PSC. None of the patients had any dominant strictures. Of the three patients with CCA, one had hilar strictures, while the remaining two had distal biliary stricture. All three presented with indeterminate biliary strictures. All patients had a minimum follow-up of at least 1 year up to November 2013. The basic demographic information is summarized in Table 2 .
Each of the 24 bile samples was subjected to SDS-PAGE fractionation, tryptic digestion and LC-MS/MS analysis for both protein identification and relative protein quantification. Each gel lane was cut into three areas and analysed by a 120-minute LC gradient. The LC-MS/MS experiments identified a total of 459 proteins by at least two peptides. The overall FDR for this analysis was less than 1%.
Malignant vs. benign strictures
A total of 459 proteins were quantified in the malignant and benign groups. The identification of proteins of different abundance was based on the criteria given in Table 1 . Eighteen proteins (4%) were identified as more abundant in the cancer samples, including such proteins as MPO, complement C3, interalpha-trypsin inhibitor heavy chain H4, apolipoprotein B-100, and kininogen-1 isoform 2. Thirty proteins (7%) were identified as less abundant in cancer and included trefoil factor 2, superoxide dismutase [Cu-Zn], kallikrein-1, carboxypeptidase B and trefoil factor 1. The details were summarized in Tables 3 and 4. PSC vs. CCA A total of 304 proteins were quantified in the CCA and PSC groups. Fourteen proteins (6%) were identified as more abundant in cholangiocarcinoma, including such proteins as intercellular adhesion molecule 1, ceruloplasmin, haptoglobulin, complement c3, and -c4b. Nine proteins (3%) were identified as less abundant in cholangiocarcinoma, which included pro-activator polypeptide isoform a pre-pro-protein, carboxypeptidase B, chymotrypsin-like elastase family member 2A, chymotrypsin like elastase family member 3B, and chymotrypsin-C. The details are summarized in Tables 5 and 6 .
Discussion
Biliary tract and pancreatic malignancies are often diagnosed at advanced stages, with palliative measures being the major option for management of many cases. If diagnosed early, surgical resection or liver transplantation can offer increased survival. The sensitivities of various modalities for diagnosing malignancies in biliary strictures are currently low. We aimed to differentiate benign from malignant biliary strictures by analysing the bile for proteins using LC-MS/MS. We observed that the majority of the proteins identified in bile were similar to those of the plasma (plasma proteins) and certain proteins were differentially expressed among the different groups (CCA, pancreatic cancer, PSC, or benign). Some of those proteins, such as S100 A8 and S100 A9, which were significantly elevated, and TFF-2, which was significantly decreased in malignant strictures in our study, were found to be associated with tumorigenesis. Serum CA 19-9 has been used as a routine diagnostic and prognostic tool for pancreatic cancer [21, 22] . Detecting malignancies at an earlier stage through lipidomics and proteomics seems promising, and these techniques are in the preliminary stages of being translated into clinical practice. We earlier reported the value of VEGF-1, oxidized phospholipids and volatile organic compounds in malignant biliary strictures and the results appear promising [23] [24] [25] .
Tissue proteins are altered during the process of carcinogenesis, and this can occur during the earliest stages of malignancy [26] ; these proteins can be detected in the extracellular fluid spaces. Detecting these changes in protein/peptide levels in the ECF can increase the diagnostic sensitivity, especially for early lesions. Since bile is in direct contact with biliary tract epithelial cells, malignant transformation of these cells is likely to affect expression of certain proteins in bile. Bile can be a representative of the products of molecular changes in biliary tract epithelia (novel proteins) as it is in direct contact with them. In an earlier study, proteomic analysis of bile fluid revealed that a larger percentage of proteins were cellular, from surrounding organs/tissues [10] . Many proteins associated with cancer, such as S100A9, MUC 1, NGAL, CEACAM6 and several other biomarkers [15, 27, 28] have been identified in bile in patients with malignant biliary strictures, further suggesting the importance of bile in proteomic analysis. Patients with PSC are at an increased risk of developing biliary tract malignancies [29] [30] [31] , and multiple ERCPs are performed in those patients for relieving the obstruction in the ducts, as well as to rule out malignancies. Also, obtaining bile during routine ERCPs does not impart any major risk to the patients, beyond the baseline risks of the procedure. We identified several proteins showing differential abundance. Comparing the overall benign (PSC and benign) and malignant lesions (pancreatic cancer and CCA), several proteins including myeloperoxidase, inter-alpha-trypsin inhibitor heavy chain H4, complement C3, ceruloplasmin, alpha-2-macroglobulin, apolipoprotein B-100 and kininogen-1 isoform 2 were found to be significantly elevated in patients with malignant biliary strictures. An earlier study created a model for identification of CCA using proteomic analysis based on 22 peptides, in which they found various proteins-including inter-alpha-trypsin inhibitor heavy chain H4, serum albumin, hemoglobin sub-units alpha and beta, and others-to be significantly elevated in malignant strictures caused by CCA [14] . We observed that similar proteins were also elevated in malignant strictures in our study. These proteins are normally present in bile; however their levels are elevated significantly in the setting of CCA. As in our study, the fact that the above-mentioned proteins were significantly elevated in malignant strictures could be indicative of the changes in protein catabolism/apoptosis taking place in the malignant cells. In another study involving analysis of bile in patients from pancreatic adenocarcinoma, several proteins were identified [10] ; of these, proteins such as serum albumin, ceruloplasmin, alpha-2-macroglobulin, vitamin D-binding protein, apolipoprotein A-I were also found to be abundantly expressed in malignant strictures in our study. Our study further confirms the elevation of these above-mentioned proteins in malignant biliary strictures.
Trefoil factor 2 plays an important role in maintaining the integrity of the gut, providing mucosal protection; it has also been found to activate CXCR4 chemokine receptors in epithelial and lymphocytic cancer cell lines, affecting their proliferation [32] . In our study, we found that trefoil factor 2 was significantly lower in the malignant biliary strictures, when compared to the benign ones. Down-regulation of TFF-2, suggestive of tumor invasiveness and metastasis, has been recently described in gastric cancers [33] . We also found that proteins including intercellular adhesion molecule 1, ceruloplasmin, haptoglobulin, complement c3, and -c4b were found to be significantly elevated in CCA when compared to patients with PSC. However, considering that only three patients in our study had CCA, the clinical significance of this observation warrants further validation from future studies. The S100 group of proteins, which are especially the markers of schwannomas, have been linked with many malignant conditions [34] [35] [36] . A significant elevation of S100 A9 in bile in patients has been demonstrated in CCA [27] . In our study, S100 A8, S100 A9 and a few other biomarkers were Although the complex constitution of bile can limit proteomic analysis, recent improvements in technology have facilitated major advances in proteomic studies. Summarizing, proteomic analysis of bile reflects the cellular changes in the surrounding tissues/organs, which can be identified through differential expression of various peptides/protein markers. Our preliminary study, involving quantitative proteomic analysis of 24 patients with biliary strictures, shows that the protein biomarkers may differentiate malignant-from benign biliary strictures and may at an earlier stage detect malignancies (CCA) in PSC patients with indeterminate biliary strictures, and hence improve their prognoses. Future large-scale studies on proteomic analysis of bile, comparing benign and malignant strictures, will further enhance the results and its application in clinical practice.
